Three types of inexpensive Pb-free solder joints, namely Zn-based and Bi-based solders, and a CuSn alloy were studied for application to the high-temperature operation of wide band-gap power semiconductor devices using GaN or SiC. ZnAl solder sheets, whose melting point is 380°C were prepared, and then surface oxides were removed by RF plasma etching. Subsequently, Cu thin films were deposited by the DC sputtering method on the solder sheet. After that, joint samples were fabricated using a conventional electrical furnace with H 2 /N 2 gas flow. That the joints were sufficiently dense was confirmed by scanning acoustic microscope. The wettability of the solder was improved due to contact between the pure Zn-Al solder without oxide and the Ni surface of the substrate, and the chemical reaction between the Zn-Al solder and the deposited Cu thin film. Bi with CuAlMn particle solders, whose melting point is 270°C, were fabricated and it was found that the solder has almost double the tensile strength of pure Bi. Excellent wettability was observed with the Ni or Pd thin film deposited on the Cu substrate. It was found that deposited Ni or Pd was not observed in the interface between the substrates after the joint samples were fabricated. CuSn alloy joints were fabricated using Sn thin films deposited and annealed on Cu substrates. The temperature during the annealing was kept at approximately 350°C; therefore, only the Sn film was melted and some chemical reaction occurred between the liquid Sn and solid Cu.
Introduction
Electrical vehicles such as hybrid electrical vehicles are set to play a role in reducing the carbon dioxide exhausted from automobiles. These vehicles use electrical inverters that convert from DC to three-phase AC. Many power semiconductor devices are used for the inverters and are mounted on substrates as shown in Fig. 1 . [1] The inverters are required for small size; therefore, high power density is required as shown in Fig. 2 . [2] Considering the miniaturization of the inverters, the high-temperature operation of the devices is an important challenge. Next generation power devices using GaN and SiC are applicable for such high temperature operations, exceeding 200°C, and the packaging technologies, such as joint materials and processes, should be studied.
Sn-based lead-free solders are well-known materials.
However, their melting points are around 220°C, which is not sufficient for the high temperature operation of power devices. Novel metal-based materials such as Au-Sn solders and sintered Ag joints are expensive, so they are difficult to use for automobiles.
In this paper, three new types of solder joints, including a Zn-base solder, a Bi-base solder and a CuSn alloy joint are described.
Zn-base Solder Joint
A eutectic Zn-Al solder has a melting point of 380°C [3] and it can be formed as a sheet. However, the surface oxides of the solder are difficult to remove under the reductive atmosphere around 300 to 400°C. Furthermore, even if the oxides are removed mechanically, new oxides quickly appear in air.
For these reasons, the surfaces of the solder sheets were removed by RF plasma etching; subsequently, Cu thin films of 50 nm thicknesses were deposited by the DC sputtering method without a vacuum break. A photo of the sample is shown in Fig. 3 . The sample before those processes, shown in Fig. 3 , is covered with native oxide on the solder surface. On the other hand, after those processes, the sample is covered with Cu thin film. In addition, it was found that the thin film of Cu on the substrate enhanced the wettability due to the chemical reaction between the Zn and Cu.
The joint samples were fabricated using a conventional electrical furnace with 5%H 2 /N 2 gas flow at 430°C for 30 minutes. Then the samples were observed with a SAM (Scanning Acoustic Microscope) as shown in Fig. 4 . The joint sample without the wettability improvement mentioned above shows white parts around the edge of the sample. Those parts seem to be voids or cracks. On the other hand, the joint sample with the mentioned improvement looks almost black, so it seems that the joint is sufficiently dense.
In addition, a cross-sectional photo of the joint sample made with a SEM (Scanning Electron Microscope) is shown in Fig. 5 . Few voids and cracks are found in the solder layer and at the interface between the solder and substrates as well. Therefore, it seems that this joint is sufficiently dense for the power device packaging.
Bi-based Solder Joint
Bi is a metal whose melting point is 270°C. However, it is brittle and has low tensile strength. To overcome these inferior properties, a new Bi-based solder with CuAlMn particles was fabricated because the melting temperature is controlled by the Bi-based matrix and relaxation of thermal stress is expected due to the martensite transformation by CuAlMn particles. [4] The composition of the particle was designed as Cu- In addition, the deposited Ni or Pd was not observed at the interface after the Bi was melted on the substrate as shown in Fig. 10 . Therefore, the deposited materials seem to be diffused in the melted solder.
CuSn Alloy Joint
CuSn alloys such as Cu 3 
Conclusion
Three types of inexpensive, Pb-free solder joints, namely a Zn-based solder, a Bi-based solder, and a CuSn alloy were studied for the high-temperature operation of wide properties. However, they are limited to thin joints on the order of μm size. Generally, more than two kinds of joints are used for power modules, so appropriate joints can be applied in the design of the power module.
